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1  INTRODUCTION 

This  memo  is  an  attempt  to  summarize  the  current  development  status  of  amplifiers  based  on 
multiple  electron  beam  technology.  The  material  presented  here  has  been  collected  from  confer¬ 
ence  and  workshop  presentations,  and  from  recent  journal  publications.  In  addition  to  reviewing 
the  current  state-of-the-art  in  device  performance,  we  also  present  a  set  of  scaling  analyses  com¬ 
paring  multiple-beam  klystron  (MBK)  performance  with  a  single-beam  klystron  (SBK)  perform¬ 
ance. 

In  preparing  this  work,  we  have  benefited  from  technical  discussions  with  Dr.  Eduard  Gel- 
vich  (“Istok,”  Russian  Federation),  Mr.  Bill  James  (Communications  and  Power  Industries,  Palo 
Alto,  CA),  Dr.  George  Caryotakis  (Stanford  Linear  Accelerator  Center,  Palo  Alto,  CA),  Mr.  Ar- 
mand  Staprans  (Communications  and  Power  Industries,  Palo  Alto,  CA),  and,  in  particular,  Mr. 
Robert  Symons  (formerly  of  Litton  Electron  Devices,  San  Carlos,  CA).  While  this  memo  cannot 
hope  to  cover  all  of  the  available  material  on  multiple-beam  amplifiers  in  depth,  the  authors  hope 
that  it  presents  a  summary  of  current  performance  characteristics  and  provides  a  motivation  for 
the  further  development  of  multiple-beam  amplifiers  in  the  U.S. 

In  Section  2,  we  begin  with  a  brief  history  of  the  development  of  MBKs.  Section  3  is  de¬ 
voted  to  derivations  of  basic  performance  dependencies  on  the  number  of  parallel  electron 
beams.  In  particular,  this  section  provides  insight  as  to  the  motivations  for  developing  such  am¬ 
plifiers.  Section  4  reviews  some  of  these  dependencies  in  the  context  of  achievable  power.  In 
Section  5,  the  challenges  that  one  encounters  in  the  development  of  multiple-beam  amplifiers  are 
discussed  and  recent  achievements  in  addressing  these  challenges  are  presented.  In  Section  6,  the 
performance  characteristics  of  different  MBKs  are  presented  in  tabular  form.  In  Section  7,  a 
multiple-beam  coupled-cavity  TWT  is  described.  And  finally.  Section  8  summarizes  our  observa¬ 
tions  regarding  multiple-beam  amplifiers. 


2  HISTORY  AND  MOTIVATION 

The  single-beam  klystron  was  invented  by  the  Varian  brothers  in  the  late  1930s.  Shortly  af¬ 
terwards  (in  the  early  1940s)  the  multiple-beam  klystron  concept  was  introduced.  The  first  series 
of  MBK-relevant  patents  were  submitted  by  V.F.  Kovalenko  in  1940  [1],  J.  Bernier  in  1944  [2], 
and  S.A.  Zusmanovsky  in  1955  [3].  At  the  time,  MBK  development  was  driven  by  the  desire  of 
microwave  source  developers  to  produce  a  given  amount  of  microwave  power  at  as  low  an  oper¬ 
ating  voltage  as  possible  (in  general,  lower  voltages  make  power  supplies  simpler,  lighter, 
cheaper,  and  more  reliable). 

However,  in  order  to  maintain  a  constant  beam  power,  any  reduction  in  the  beam  voltage 
must  be  accompanied  by  a  corresponding  increase  in  beam  current.  In  conventional  klystrons  (as 
well  as  in  many  other  microwave  tubes),  an  increase  in  electron  current  density  increases  the  role 
of  space  charge  forces.  At  low  current  densities,  these  forces  are  negligibly  small,  and  electrons 
that  are  initially  modulated  in  the  input  cavity  gap  can  ballistically  bunch  in  the  drift  channels 
and  be  subsequently  decelerated  in  the  output  cavity  gap  with  high  efficiency.  At  high  current 
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densities,  however,  space  charge  forces  are  not  negligible  and  repulsive  forces  between  electrons 
interfere  with  the  ballistic  bunching,  causing  the  bunches  to  lose  coherence  with  a  subsequent 
degradation  in  efficiency.  In  addition,  high  current  densities  require  stronger  magnetic  fields  for 
beam  confinement,  which  can  lead  to  higher  system  volume  and  weight. 

Early  on,  it  occurred  to  klystron  designers  that  efficient  operation  with  higher  current  beams 
could  be  achieved  by  separating  the  single  electron  beam  into  multiple  beamlets,  each  with  a  suf¬ 
ficiently  low  current  density  to  ensure  efficient  electron  bunching.  Each  beamlet  would  be  trans¬ 
ported  down  its  own  individual  drift  channel,  parallel  to,  but  isolated  from  the  other  beamlets  and 
allowed  to  interact  only  over  small  axial  distances  corresponding  to  cavity  gap  locations.  Kly¬ 
strons  with  such  an  electron  beam  generation  and  transport  design  have  been  termed  “multiple- 
beam  klystrons.”  Over  the  years,  many  multiple-beam  klystron  configurations  have  been  consid¬ 
ered  [4].  A  schematic  of  an  MBK  is  shown  in  Fig.  1 . 


Figure  1:  Schematic  representation  of  a  multiple-beam  klystron 
(Thales  Electron  Devices,  France  [5]). 


As  one  can  see  in  the  figure,  electrons  are  emitted  from  multiple  cathodes  to  form  parallel 
beamlets  that  propagate  through  individual  drift  channels  (metallic-walled  tubes).  At  cavity  loca¬ 
tions,  breaks  are  placed  in  the  solid-walled  tubes,  allowing  the  beamlets  to  interact  over  the  axial 
extent  of  the  cavity  gap.  Once  past  the  cavity,  the  beamlets  re-enter  their  individual  drift  chan¬ 
nels  and  propagate  in  isolation  from  one  another. 
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Similar  to  single-beam  klystrons,  multiple-beam  amplifiers  can  use  both  rf  standing- wave 
and  traveling-wave  structures  designed  for  operation  in  low-order  (e.g.,  fundamental)  modes  as 
well  as  in  higher-order  modes.  The  first  MBK  operating  in  a  higher-order  mode  was  designed 
and  experimentally  tested  in  the  early  1960s  by  Boyd  et  al.  [6]. 

The  important  advantage  afforded  by  the  MBK  is  a  reduction  in  operating  voltage  relative  to 
conventional  SBKs,  which  leads  to  a  more  compact  and  lower-weight  device.  In  addition  to  a 
reduction  in  operating  voltage,  another  significant  advantage  of  some  multiple-beam  device  con¬ 
figurations  is  the  potential  for  higher  instantaneous  bandwidths  relative  to  SBKs.  The  bandwidth 
enhancement  is  a  consequence  of  the  presence  of  multiple  beam  tunnels.  While  the  RIQ  will  be 
lower  for  the  shorter,  larger  diameter  gap  necessary  to  accommodate  the  bundle  of  multiple 
beamlets,  there  will  be  a  somewhat  lower  fraction  of  the  electric  field  energy  stored  in  the  fring¬ 
ing  fields  around  the  gap,  resulting  in  a  lower  gap  capacitance  and,  consequently,  a  higher  instan¬ 
taneous  bandwidth  (see  Section  3.4). 

Despite  some  performance  advantages  of  MBKs  over  SBKs,  MBK  development  in  the  U.S. 
all  but  ceased  after  the  early  1960s  (see  [7]  for  a  summary  of  U.S.  MBK  research  covering  the 
period  from  the  late  1950s  through  the  1960s).  In  part,  the  shift  away  from  MBK  research  was 
due  to  the  confidence  and  experience  of  U.S.  engineers  in  high  voltage  design.  At  the  time,  there 
was  a  great  strength  in  high  voltage  transmission  line  equipment  design  at  Westinghouse,  Gen¬ 
eral  Electric  (GE),  and  many  U.S.  universities,  in  particular,  Stanford  University  [8].  Also,  West¬ 
inghouse  and  GE  both  had  built  early  klystrons  and  klystron  transmitters,  and  the  experience  of 
their  engineers  undoubtedly  influenced  decisions.  Additionally,  U.S.  industry  had  achieved  a 
high  confidence  in  the  design  and  manufacturing  of  single-beam  convergent  electron  guns.  The 
cessation  of  MBK  work  at  GE  occurred  because  GE  was  never  able  to  provide  a  convincing  solu¬ 
tion  to  the  off-axis  convergent-beam  focusing  problems  of  their  higher-order  mode  MBK  ap¬ 
proach  [9].  Further  development  of  competitive  MBK  designs  would  have  required  a  consider¬ 
able  research  and  development  investment  in  the  fabrication  and  testing  of  numerous  multiple- 
beam  gun  prototypes  in  the  absence  of  effective  computer-aided  3D  electron  gun  design  tools;  at 
the  time,  it  was  felt  that  potential  benefits  of  MBK  technology  did  not  outweigh  the  added  device 
complexity  and  associated  costs  [10]. 

Over  the  past  three  decades,  MBK  research  and  development  has  occurred  primarily  in  the 
former  Soviet  Union  (FSU).  Russian  researchers  have  developed  a  wide  variety  of  high-power 
MBKs  in  L-,  S-,  C-,  X-,  and  K„-bands  using  between  6  and  60  beams,  with  power  gains  from  40 
to  45  dB,  and  electronic  efficiencies  in  the  range  of  30%  to  45%.  Prior  to  the  end  of  the  Cold 
War,  few  details  of  these  devices  were  published  in  the  open  literature  as  they  were  primarily  de¬ 
veloped  for  military  applications. 

The  technology  push  behind  the  development  of  MBKs  was  a  strong  demand  for  communica¬ 
tions  systems  and  multi-function  high-power  radar  systems,  which  could  be  satisfied  only 
through  the  use  of  high-power,  low-noise  amplifiers.  At  the  time  that  the  FSU  began  its  MBK 
development  program,  it  was  believed  that  the  then-current  state-of-the-art  high-power,  low- 
noise  amplifiers  (SBKs  and  traveling-wave  tubes)  were  bulky,  heavy,  and  required  relatively  high 
operating  voltages.  The  large  size  and  weight  combined  with  the  voltage  requirements  repre¬ 
sented  a  significant  drawback  for  applications  in  mobile,  volume-  and  weight-constrained  sys¬ 
tems.  To  surmount  these  perceived  drawbacks,  FSU  scientists  and  engineers  focused  significant 
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attention  on  the  advantages  of  a  multiple-beam  approach,  solving  many  scientific  and  techno¬ 
logical  problems  along  the  way.  (At  the  same  time,  SBK  development  was  also  actively  pursued 
in  the  FSU  and  in  other  countries,  resulting  in  significant  progress  over  the  past  few  decades  in 
reducing  the  size  and  weight  of  single-beam  devices). 

The  difference  in  the  FSU  and  U.S.  approaches  to  compact  devices  may,  in  part,  be  due  to 
FSU  technological  advances  in  high-current-density  cathodes  that  enable  the  production  of  the 
closely-spaced  beamlets  required  in  MBK  designs.  Alternatively,  in  the  U.S.,  low-voltage 
crossed-field  amplifier  (CFA)  technology  got  a  significant  boost.  However,  the  main  drawback 
of  CFAs  is  their  relatively  high  noise  level. 

At  present,  advances  in  computational  tools  for  3D  electron  gun  design,  combined  with  pro¬ 
gress  in  cathode  technology  [11][12]  and  manufacturing  techniques  are  providing  a  new  impetus 
for  MBK  development  in  the  U.S.  For  example,  [12]  reports  a  10  A/cm2  V-type  reservoir  cath¬ 
ode  in  continuous  operation  for  in  excess  of  30,000  hours  with  very  little  degradation.  Recently, 
a  series  of  papers  published  in  the  open  literature  [13]-[19]  have  reported  extraordinary  perform¬ 
ance  characteristics  of  FSU-developed  MBKs.  These  devices,  which  operate  in  a  wide  variety  of 
frequency  bands  and  peak/average  powers,  are  currently  being  used  in  a  number  of  defense,  sci¬ 
entific,  medical,  and  industrial  applications.  High-power  MBKs  are  actively  and  successfully 
used  in  various  types  of  radar,  in  communication  and  navigation  systems,  and  for  driving  high 
energy  charged  particle  accelerators.  Medium-power  MBKs  are  used  in  mobile  radio-electronic 
systems,  air-traffic  control  radar,  and  surveillance  radar.  Low-power  miniaturized  MBKs  and 
multiple-beam  coupled  cavity  traveling- wave  tubes  (CC-TWTs)  are  widely  and  successfully  used 
in  short-range  radar  and  in  low-weight  navigation  and  communication  systems. 

In  addition  to  the  FSU,  other  countries  have  exhibited  a  growing  interest  in  multiple-beam 
devices.  Recently,  France  (Thales  Electron  Devices)  has  renewed  its  research  and  development 
activities  in  this  area  [20].  The  People’s  Republic  of  China  (PRC)  also  has  a  significant  ongoing 
effort  devoted  to  the  development  of  a  wide  range  of  multiple-beam  amplifiers  [21].  The  PRC’s 
development  program  appears  to  be  benefiting  from  a  strong  collaboration  with  Russian  scien¬ 
tists  [22]  [23].  Section  5  contains  summaries  of  performance  characteristics  for  a  number  of 
state-of-the-art  multiple-beam  devices. 
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3  MBK  SCALING  LAWS 

In  this  section,  we  perform  some  basic  analyses  of  multiple-beam  klystron  performance  to 
develop  scaling  laws  related  to  voltage,  spatial  dimensions,  magnetic  field  strength  and  magnet 
weight,  and  bandwidth. 


3.1  Voltage  and  Current  Scaling 

The  reduction  in  voltage  afforded  by  MBKs  can  be  illustrated  by  comparing  the  cases  of  a 
multiple-beam  klystron  and  a  single-beam  klystron  generating  the  same  level  of  radiating  power 
under  the  following  assumptions: 

(i)  the  perveance  of  a  single  beamlet  in  the  multiple-beam  klystron  is  the  same  as  the  per- 
veance  of  the  entire  beam  in  the  single-beam  klystron; 

( ii)  the  power  and  efficiency  of  the  multiple-beam  and  single-beam  klystrons  are  identical; 

(in)  the  electron  current  density  in  both  cases  is  limited  by  space  charge  effects. 

Assume  that  the  MBK  consists  of  N  independent  and  identical  beamlets  with  current  I\  per 
beamlet.  Then,  the  total  microwave  output  power  of  such  an  MBK  can  be  determined  as, 

^MBK  =  Nt]  JyMBK  (1) 

where  rj  is  the  efficiency  of  power  extraction  from  each  beamlet  (since  the  beamlets  are  identical, 
their  efficiencies  are  the  same)  and  Vmbk  is  the  beam  voltage.  Since  we  have  assumed  that 
space  charge  effects  limit  the  electron  current  density,  the  dependence  of  I\  on  Vmbk  is  given  by: 

/,=W.C.  (2) 

where  (jiP)\  is  the  perveance  of  a  single  beamlet.  Substituting  (2)  into  (1)  yields, 

^mbk  —  Nt]  VMBK  .  (3) 

Then,  in  accordance  with  the  above  assumptions,  one  can  write, 

P\iBK  =  I*SBK  —  V BK  •  (4) 

From  (3)  and  (4)  we  can  readily  see  that  the  voltages  Vmbk  and  Vsbk  are  related  as 

V 

y  _  VSBK  /f\ 

VUBK  ^2/5  •  WJ 

This  is  the  scaling  mentioned  in  [4].  The  total  beam  current  in  MBKs  is  found  by  combining  (1), 
(2),  (4),  and  (5), 


(h^MBK  ~  Ub^SBK  N 


(6) 


6 


Nusinovich,  Levush,  and  Abe 


Obvious  advantages  of  reducing  the  operating  voltage  include  lower  weight  and  volume  of 
the  tube  and  increased  reliability.  Additionally,  since  lower  voltage  beams  produce  less  x-ray 
radiation  at  the  collectors,  the  weight  of  collector  radiation  shields  can  be  significantly  reduced. 


In  the  MBK,  the  total  current,  which  scales  in  accordance  with  (6),  consists  of  N  beamlet  cur¬ 
rents,  which  we  can  represent  either  using  the  beamlet  perveance  as  in  (2)  or  using  the  beamlet 
electron  current  density, 

(4W  =*/, 

=  (7) 

=  NUi)mBK  $1 

where  (j‘i)mbk  is  the  current  density  of  a  single  MBK  beamlet  and  Si  is  the  corresponding  cross- 
sectional  area  of  the  beamlet  (note  that  we  have  implicitly  assumed  that  the  N  beamlets  are  iden¬ 
tical). 

Similarly,  the  total  current  of  a  single-beam  klystron  can  be  written  as, 

(h^SBK  =  Vsbk 

=  JsBK  ^SBK 

where  jsbk  is  the  current  density  of  the  single  beam  and  Ssbk  is  the  corresponding  cross-sectional 
area  of  the  single  beam. 


Dividing  (7)  by  (8),  we  can  relate  the  current  density  of  a  single  MBK  beamlet  to  the  total 
single  beam  current  density, 


(J\)mBK  ~  ' 


1 

(jb  ")mBK 

(s  \ 

°  SBK 

N 

_  (h)sBK  . 

l  S>  J 

Jsbk 


(9) 


If  we  further  assume  that  the  cross-sectional  area  of  the  beamlet  is  equal  to  the  cross-sectional 
area  of  the  total  single  beam  (  Si  =  Ssbk  ),  then,  using  (6),  the  relation  between  the  MBK  and 
SBK  current  densities  simplifies  to, 


( i  \  —  Jsbk 

Wl /MBK  ~  pjVS 


(10) 


Alternatively,  if  we  assume  (e.g.,  for  the  sake  of  transverse  compactness)  that  the  total  cross- 
sectional  area  of  all  of  the  beamlets  in  the  MBK  is  equal  to  the  cross-sectional  area  of  the  single 
beam  in  the  SBK  ( NS]  =  Ssbk),  then  we  can  write, 

(  Ji)mbk  =  Jsbk  N  » 


which  is  identical  to  the  scaling  found  in  [4]. 


(11) 
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3.2  Axial  Length  and  Transverse  Radius  Scaling 

The  total  axial  length  of  the  interaction  region  of  any  klystron  is  the  sum  of  the  lengths  of  the 
cavity  gaps  and  the  drift  sections.  In  general,  the  length  of  each  gap  should  be  short  enough  to 
ensure  that  the  transit  angle  through  the  gap,  0g,  is  smaller  than  nJ2  radians.  The  transit  angle  is 
defined  as, 


(12) 


where  co  is  the  frequency  in  radians/sec,  Lg  is  the  gap  length,  and  vz  is  the  axial  electron  velocity. 
In  gridless  gaps,  the  transit  angle  through  the  gap  is  dependent  on  the  degree  to  which  the  electric 
field  penetrates  into  the  drift  tube  on  axis;  this  field  penetration  has  the  effect  of  increasing  the 
effective  length  of  the  gap.  As  seen  in  (12),  the  gap  length  scales  as  the  axial  electron  velocity, 
Lg  oc  vz.  At  non-relativistic  voltages  (V*, «  511  kV),  vz  is  proportional  to  the  square  root  of  the 
beam  voltage,  V*,,  and  thus, 

Lg  oc  vr  ■  (13) 


The  lengths  of  the  drift  sections  between  the  cavities  are  determined  by  the  requirements  for 
optimal  beam  bunching.  For  the  simplest  two-cavity  configuration,  the  bunching  parameter,  q, 
which  describes  the  ballistic  bunching  in  the  drift  region,  is  given  by, 


(14) 


where  £  =  Vj/Vb  is  the  modulation  depth,  that  is,  the  ratio  of  the  peak  voltage,  V\  ,  across  the 
modulating  gap  to  the  dc  beam  voltage,  V^;  M  -  sm(0g/2)l(0g/2)  is  the  gap  coupling  coefficient; 
and  Ldr  is  the  axial  length  of  the  drift  section.  The  optimum  value  of  the  bunching  parameter  is 
qopt  =  1.84,  which  corresponds  to  the  maximum  of  the  Bessel  function  of  the  first  order,  which 
describes  the  ballistic  bunching.  If  we  assume  that  £and  M  are  constant,  then  the  lengths  of  drift 
sections  follow  the  same  scaling  as  the  cavity  gaps, 

A*  -  V2  oc  Vln  .  (15) 

Therefore,  the  total  length  of  the  interaction  region  (gaps  plus  drift  sections)  should  scale  as  the 
square  root  of  the  beam  voltage  and  we  see  that  a  reduction  in  the  beam  voltage  will  lead  to  a  re¬ 
duction  in  the  overall  length  of  the  device.  Using  this  voltage  scaling  and  (5),  we  can  relate  the 
total  interaction  length  of  an  MBK,  Lmbk,  to  that  of  a  comparable  single-beam  device,  LSbk  , 

Umk  “IjSS'  •  (16) 

Note  that,  in  order  to  localize  the  rf  field  inside  the  gap,  the  diameter  of  the  drift  channel,  2 rg, 
should  not  exceed  the  axial  length  of  the  gridless  gap,  thus, 

r  oc  l  oc  v  oc  v1'2  . 

8  8  Z  b 


(17) 


8 


Nusinovich,  Levush,  and  Abe 


This  last  scaling  relies  on  our  original  assumption  that  the  MBK  and  SBK  efficiencies  are  identi¬ 
cal.  This  is  because  the  scaling  relations  of  (15)  and  (17)  preserve  the  gap-coupling  coefficients, 
the  plasma  frequency,  and  the  plasma  frequency  reduction  factors  [24]. 

Finally,  as  discussed  in  [14],  we  note  that  the  favorable  voltage  and  length  scaling  of  the 
MBK  yields  a  significant  reduction  in  phase  sensitivity  to  voltage  fluctuations  when  compared 
with  a  TWT  with  the  same  gain. 


3.3  Magnetic  Field  Scaling 

The  magnet  system  is  the  most  difficult  parameter  for  which  to  develop  SBK-MBK  scaling 
relations.  The  single-  and  multiple-beam  geometries  each  have  their  own  unique  beam  transport 
challenges  that  make  it  difficult  to  relate  one  system  to  another.  In  this  section,  we  briefly  de¬ 
scribe  some  of  the  techniques  for  guiding  single  and  multiple  beams  and  develop  some  simple 
magnet  weight-scaling  relationships. 

In  an  SBK,  the  magnetic  field  may  or  may  not  thread  the  cathode.  In  Brillouin-focused  tubes, 
the  field  does  not  thread  the  cathode;  alternatively,  in  tubes  using  what  is  often  referred  to  as 
“convergent-confined-flow,”  it  does.  Usually,  the  axial  magnetic  field  strength  varies  continu¬ 
ously  along  the  beam.  In  Brillouin-flow  tubes,  electrons  rotate  around  the  axis.  The  field  is  in¬ 
creased  toward  the  output  end  in  order  to  keep  the  beam  at  a  constant  diameter,  compensating  for 
beam  space  charge  effects  that  become  increasingly  significant  as  the  charge  density  in  the  elec¬ 
tron  bunches  builds  up.  In  convergent-confined-flow  tubes  this  technique  is  also  used,  but  ini¬ 
tially  the  flux  in  the  beam  contour  is  held  fairly  constant.  The  tapering  of  the  field  is  accom¬ 
plished  by  shaping  iron  pole-pieces  and/or  by  changing  the  current  in  solenoid  coils.  The  higher 
magnetic  field  at  the  output  end  of  the  tube  is  carefully  adjusted  to  maximize  efficiency. 

In  MBKs,  one  cannot  increase  the  current  in  the  coils  that  surround  a  group  of  beamlets  or 
they  will  all  converge  toward  the  major  axis  of  the  tube.  Perhaps  one  can  shape  the  magnetic 
fields  using  iron  around  individual  emitters,  but  typically,  the  cathode  region  of  the  MBK  is  not 
immersed  in  a  magnetic  field.  Instead,  the  beamlets  formed  at  the  cathode  face  are  electrostati¬ 
cally  focused  and  pass  through  an  iron  pole-piece  to  enter  their  individual  drift  tubes.  Down¬ 
stream  of  the  pole-piece,  the  beamlets  are  immersed  in  a  guiding  magnetic  field.  In  the  interac¬ 
tion  region,  this  magnetic  field  is  constant  and  axially-directed,  but  in  the  transition  region 
around  the  pole-piece,  the  field  has  radial  components  as  well.  Thus,  in  the  transition  region,  the 
beamlets  acquire  an  angular  velocity  that  causes  a  helical  rotation  about  their  individual  axes.  In 
order  to  accommodate  the  increased  space  charge  forces  in  the  higher-power  output  portions  of 
the  tube,  the  magnetic  field  must  be  stronger,  the  beamlet  diameters  smaller,  and  the  gain  lower 
than  it  would  otherwise  be  in  the  low-level  or  input  section  of  the  tube.  FSU  scientists  have  de¬ 
veloped  an  ingenious  solution  to  this  problem:  they  break  the  magnet  up  into  several  sections 
with  pole-pieces  having  individual  holes  for  each  beamlet.  In  this  arrangement,  there  is  a  step¬ 
wise  increase  in  magnetic  field  at  each  pole-piece  and  the  radial  fields  are  symmetric  about  the 
axis  of  each  individual  beamlet.  In  higher-power,  wideband  MBKs  with  closely-spaced  beamlets 
and  emitters,  it  may  be  desirable  to  immerse  the  entire  tube  in  a  very  strong  magnetic  field  so  that 
electrons  will  have  to  follow  flux  lines  and  the  beam  size  will  not  change  with  local  signal  level. 
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The  differences  in  the  SBK  and  MBK  magnetic  field  configurations  required  for  good  beam 
transport  make  it  difficult  to  directly  compare  the  weight  and  size  of  the  respective  magnet  sys¬ 
tems.  However,  with  some  assumptions,  we  can  compare  the  weight  of  a  magnet  system  that 
produces  two  to  three  times  (maximum)  the  Brillouin  field  for  comparable  SBK  and  MBK  de¬ 
vices. 


To  prevent  electron  interception  on  the  drift  tube  walls,  the  beam  electrons  must  be  colli¬ 
mated  and  restricted  to  (primarily)  axially-directed  motion.  In  practice,  this  condition  can  be  met 
when  the  axial  magnetic  field  strength,  Bz,  is  such  that  the  cyclotron  frequency,  Q=eBJme ,  is 
several  times  larger  than  the  electron  plasma  frequency,  ct)p  =  ^me  plesQ  ,  where  p  is  the  vol¬ 
ume  charge  density  and  So  is  the  permittivity  of  free  space  [25],  or 


We  can  write  the  volume  charge  density  in  terms  of  the  electron  number  density,  n, 

p  =en 


Substituting  (19)  into  (18), 


(19) 


(20) 


In  the  MBK,  the  beamlets  propagate  largely  in  isolation  from  each  other.  The  short  gap  dis¬ 
tances  over  which  they  interact  are  negligible  from  the  standpoint  of  the  guiding  magnetic  field 
and,  therefore,  the  pertinent  current  density  for  use  in  (20)  is  the  current  density  of  a  single  beam- 
let,  (ji)MBK-  In  the  SBK  case,  the  pertinent  current  density  for  use  in  (20)  is  the  total  beam  current 
density,  jsbk-  Assuming  a  weakly-relativistic  beam,  the  axial  magnetic  field  scaling  inequality 
can  be  expressed  as. 


If  we  assume  that  the  SBK  and  MBK  have  equal  beam  powers  and  that  the  perveance  of  a 
single  MBK  beamlet  is  equal  to  the  perveance  of  the  whole  SBK  beam,  we  can  use  the  voltage 
scaling  of  (5)  to  write, 

fe  \lBK 

(bXk 


Finally,  if  we  further  assume  that  the  cross-sectional  area  of  the  MBK  beamlet  is  equal  to  the 
cross-sectional  area  of  the  total  SBK  single  beam,  we  can  use  the  current  density  scaling  of  (10), 
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ft  \fBK 

ft  \bk 


>N 


-1/5 


(23) 


The  optimization  of  the  magnetic  guiding  system  can  have  an  enormous  impact  on  minimiz¬ 
ing  the  total  system  weight.  As  a  rule,  the  magnet  system  is  the  dominant  factor  in  the  overall 
weight  of  a  single-  or  multiple-beam  klystron  system,  amounting  to  as  much  as  four  to  ten  times 
the  combined  weight  of  the  gun,  interaction  circuit,  and  collector  [19].  The  particular  advantage 
of  the  MBK  configuration,  which  enables  operation  at  a  reduced  voltage,  is  that  the  system 
weight  (magnet  and  tube)  can  be  decreased  by  a  factor  of  ten  or  more  in  comparison  with  its  sin¬ 
gle-beam  counterpart  [19].  This  is  because,  as  discussed  in  Section  3.2,  the  total  electrodynamic 
interaction  length  of  the  MBK  is  shorter  compared  to  an  SBK  of  comparable  output  power.  In 
addition,  the  perveance  of  each  MBK  beamlet  is,  in  practice,  smaller  than  the  single  beam  of  the 
SBK  [in  the  limiting  case,  when  the  two  perveances  are  equal,  the  voltage  scaling  is  given  by 
(5)].  Typically,  the  transverse  dimensions  of  the  SBK  and  MBK  magnet  systems  are  comparable, 
so  the  longitudinal  dimension  of  the  magnet  system  is  the  most  important  in  regards  to  weight 
[26].  As  the  distance  between  the  magnetic  pole-pieces  is  proportional  to  the  interaction  length, 
the  volume  and  weight  of  the  magnets  also  scale  with  the  interaction  length.  Thus,  the  magnet 
weight  for  the  MBK  system  is  decreased  by  the  reduced  field  requirements  described  by  (22)  and 
(23),  and  also  by  the  reduction  in  length  as  per  (16). 


Recent  advances  in  high  field,  high  coercivity,  rare-earth  materials  for  permanent  magnets 
have  enabled  further  weight  and  size  reduction  of  MBKs.  For  example,  light-weight  (~  5  kg) 
rare-earth  periodic  permanent  magnet  (PPM)  focusing  systems  for  MBKs  have  been  developed  at 
the  Institute  of  Electronics,  PRC.  These  magnets  are  manufactured  from  Nd-Fe-B  and  produce  a 
1-kG  axially-directed  magnetic  field  on  the  axis  [27]. 


For  permanent  magnet  systems,  the  magnet  weight,  wm,  can  be  estimated  from  [26], 


w„ 


B2zlmSm 

_  z  m  rn 

(/wL.  ’ 


(24) 


where  Bz  is  the  required  on-axis  axial  magnetic  field;  lm  and  Sm  are  the  length  and  cross-sectional 
area  of  the  magnetic  system,  respectively;  and  (BH) max,  the  magnetic  energy  product,  is  a  meas¬ 
ure  of  the  maximum  energy  density  that  can  be  stored  in  the  material  and  is  a  characteristic  of  the 
particular  magnetic  material. 


To  develop  a  permanent  magnet  weight  scaling,  we  assume  the  following:  the  cross-sectional 
area  of  the  MBK  and  SBK  magnet  systems  are  equal;  the  SBK  and  MBK  have  comparable  beam 
power;  the  single  MBK  beamlet  perveance  is  equal  to  the  SBK  beam  perveance;  and  the  cross- 
sectional  area  of  the  MBK  beamlet  is  equal  to  the  cross-sectional  area  of  the  total  SBK  single 
beam.  Then,  using  the  magnetic  field  scaling  of  (23)  and  the  length  scaling  of  (16),  we  can  write, 


Wn  /MBK  ^  yy-3/5 

ftn  \bK 


(25) 


In  practice,  the  diameter  of  the  MBK  tends  to  be  larger  than  that  of  an  SBK  of  comparable 
power  and  the  corresponding  magnet  system  tends  to  have  a  slightly  larger  cross-sectional  area. 
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This  fact  has  prompted  Korolev  [26]  to  propose  a  qualitative  magnet  system  weight  scaling  of 
AT1'2,  which  is  quite  close  to  (25). 

Low  power,  miniaturized  MBKs  have  been  produced  with  much  lower  system  weights.  For 
example,  a  miniaturized  K„-band  MBK  developed  at  “Istok”  delivers  400  W  peak  power  with  a 
duty  cycle  of  ~30%  and  has  a  total  weight  (including  the  magnet)  of  only  400  g  [19].  This  device 
has  a  record  average-power-to-weight  ratio  of  ~  0.3  Watts/g. 


3.4  Bandwidth  scaling 


MBK  bandwidth  scaling  was  recently  discussed  in  [29]  and  [30].  This  scaling  is  based  on  the 
standard  assumption  that  the  bandwidth  of  a  multiple-cavity  klystron  is  limited  by  the  bandwidth 
of  its  output  cavity,  which  can  be  determined  as 


A/=J_ 

/  Ql 


(26) 


Here  Ql  is  the  loaded  <2-factor  of  the  output  cavity;  M  is  the  previously  discussed  interaction 
coefficient,  which  accounts  for  a  finite  electron  transit  angle  in  the  cavity  gap;  pt  =  -JTJc  is  the 

wave  impedance  (L  is  the  equivalent  inductance  of  the  cavity  and  C  is  the  total  equivalent  capaci¬ 
tance);  and  Vb  and  4  are  the  cathode  voltage  and  total  beam  current,  respectively. 


Using  (26),  for  the  SBK  we  can  write 


-  M  Pi£BK 

SBK 


Similarly,  for  the  MBK, 


(27) 


(28) 


As  in  Section  3.1,  we  assume  space-charge  limited  flow;  the  MBK  and  SBK  beam  powers  are 
equivalent;  and  the  MBK  beamlet  perveance  equals  the  single  beam  perveance.  Then,  dividing 
(28)  by  (27),  we  can  use  (5)  and  (6)  to  write, 


(A///L,  _  4/5  (  PiMBK  1 

(A/ /  f  \l!K  ^  Pi, SBK  j 


(29) 


which  suggests  that  if  we  make  the  MBK  cavity  wave  impedance  comparable  to  the  SBK  cavity 
wave  impedance  the  MBK  bandwidth  will  be  enhanced  proportional  to  N4/5. 
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A  more  accurate  evaluation  of  the  scaling  requires  an  analysis  of  the  dependence  of  the  wave 
impedance  on  the  number  of  beams,  N.  We  employ  the  standard  method  described  in  [31].  Con¬ 
sider  a  toroidal  cavity,  as  shown  schematically  in  Fig.2. 


Figure  2:  Schematic  of  a  toroidal  klystron  cavity. 


The  total  capacitance  can  be  treated  as  the  sum  of  the  gap  and  cavity  capacitances  connected 
in  parallel,  C  =  Cgap  +  Ccav.  In  [32],  the  capacitances  are  shown  to  have  the  following  dimen¬ 
sional  dependencies, 


(30) 


and 


Ccav  06  rg  in 


fh' 


\  S  J 


for  h<2(rc-rg) 


Ccav  06  rg  I* 


2  te-rf) 


for  h  >  2(rc  —rg) 


(31) 


where  rg  is  the  radius  of  the  inner  wall  of  the  cavity;  rc  is  the  radius  of  the  outer  wall  of  the  cav¬ 
ity;  Lg  is  the  axial  extent  of  the  cavity  gap;  and  h  is  the  height  of  the  cavity.  As  discussed  at  the 
beginning  of  Section  3.2,  in  the  gridless  cavity  the  electric  field  penetrates  into  the  drift  tube  on- 
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axis,  increasing  the  effective  length  of  the  gap.  However,  when  all  dimensions  are  scaled  propor¬ 
tionally,  this  effect  does  not  change  the  scaling  relations  developed  below. 

If  we  assume  that  the  total  beam  area  scales  as  N,  then  the  cavity  inner  wall  radius  scales  as 

rg  -  NU2  .  (32) 

If  we  further  assume  that  (h/Lg)  and/or  ( rc-rg)/Lg  are  constant  with  respect  to  the  number  of 
beamlets,  then,  from  (31),  it  follows  that 

Ccm~rg~Nin.  (33) 

From  (5)  and  (17),  the  axial  extent  of  the  gap  scales  as  Lg  oc  - .  Substituting  into  (30), 


C  °=  N 65 . 

gap 


Combining  (33)  and  (34),  we  see  that  the  total  capacitance  scaling  with  N  has  the  form 


C  =  AN6,s+BNU2 


where  A  and  B  are  constants. 


In  [31],  the  equivalent  inductance  of  the  cavity,  L,  is  shown  to  be, 


L  oc  h  in  —  . 


Assuming  that  rjrg  is  constant  with  respect  to  the  number  of  beamlets,  we  can  again  use  (5)  and 
(17)  to  show  that  the  inductance  scales  as, 


L<x  hoc  oc  —[jj  • 


Therefore,  using  (35)  and  (37),  the  wave  impedance  p,  =  -JlJc  scales  as, 


NimylN  +B/A 

Substituting  this  scaling  into  (29)  yields  a  bandwidth  scaling  of 

(Ml  "T. . (Ml  .  (39, 

l,  /  )„,  Jn1"°+bia{  f  jslK 

We  can  consider  two  limiting  cases  for  the  denominator  of  (39).  When  B/A  «  Nin0  ,  (39) 
reduces  to  a  rather  weak  function  of  the  number  of  beamlets,  (A  f/f)UBK  00  Nin0 .  On  the  other 

hand,  when  B/A  »  Nino,  the  scaling  dependence  is  much  stronger,  (A  ft  f  )MBK  N9'20 .  In  the 

former  case,  for  example,  the  bandwidth  enhancement  is  about  a  factor  of  1.4  for  N  =  36.  This  is 
consistent  with  the  explanation  that  has  been  put  forward  in  [4]  for  the  MBK:  as  the  number  of 
beams  increases,  the  decrease  in  the  characteristic  impedance  of  the  cavity  (inversely  propor- 
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tional  to  Cgap)  is  weaker  than  the  increase  in  beam  conductance  (4  /  Vb).  In  other  words,  the  cur¬ 
rent  increases  with  the  area  and  the  number  of  beams,  but  the  capacitance  of  the  fringing  electric 
field  around  the  interaction  gaps  only  increases  as  the  circumference  of  the  bundle  [4].  There¬ 
fore,  the  MBK  achieves  enhanced  bandwidth  at  low  voltage  by  maximizing  the  gap  capacitance 
relative  to  the  total  cavity  capacitance.  In  the  limiting  case,  where  we  assume  that  the  cavity  ca¬ 
pacitance  is  zero  and  that  only  the  gap  capacitance  contributes  to  the  wave  impedance,  the  frac¬ 
tional  bandwidth  of  the  MBK  would  be  about  0.24  times  the  microperveance  of  a  single  MBK 
beamlet  [33]. 


In  [4],  an  additional  bandwidth  scaling  law  is  mentioned.  It  is  based  on  the  assumption  that 
the  total  cross-sectional  area  of  the  individual  beamlet  drift  tubes  in  an  MBK  is  equivalent  to  the 
cross-sectional  area  of  the  drift  tube  of  an  SBK  of  comparable  beam  power  (as  in  the  preceding 
developments,  the  assumptions  of  space-charge  limited  flow  and  equality  of  beamlet  and  single¬ 
beam  perveances  still  apply).  In  this  case  the  drift  tube  radius,  rg,  does  not  depend  on  N,  and 
therefore  the  scaling  for  the  total  capacitance  has  the  form, 

C  =  AlNU5  +  Bl  ,  (40) 

where  A\  and  Bj  have  different  values  than  the  constants  in  (35).  Using  (40),  the  definition  of  the 
wave  impedance,  and  assuming  that  the  cavity  inductance  still  scales  as  in  (37),  we  again  use 
(29)  to  develop  a  bandwidth  scaling, 


AT7'10  [  A / 

InU5+b1/a1  {  f  L 


Once  again,  we  can  consider  two  limiting  cases:  for  Bi  /  Aj  «  Nvs,  (A /  /  f)MBK  06  N6no ;  and 
for  Bj  /  Aj »  Nv5,  (A/// )mbk  °c  Nino .  In  the  former  case,  again  using  a  36-beam  example,  the 
bandwidth  enhancement  is  about  a  factor  of  eight,  which  is  consistent  with  [4]. 


Obviously,  the  required  current  density  at  the  cathode  for  a  tightly  packed  MBK  will  be  very 
high.  For  example,  according  to  [30],  using  a  beamlet  cathode  current  density  of  j  =  15  A/cm2,  it 
is  possible  to  achieve  28%  bandwidth  at  a  beam  voltage  of  24  kV  and  20%  bandwidth  at  34  kV. 
For  further  bandwidth  enhancement,  MBK  designers  use  techniques  developed  for  single-beam 
klystrons,  such  as  multi-gap  resonators  and  the  staggered-tuning  of  multiple-cavity  circuits. 
However,  at  the  higher  frequencies  (beginning  at  X-band  and  above,  according  to  [15]),  the  MBK 
bandwidth  does  not  follow  the  scaling  developed  in  this  section,  as  other  constraints  begin  to 
dominate. 
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4  MBK  POWER  LIMITATIONS 

As  discussed  in  [30],  it  is  convenient  to  express  the  scaling  for  the  power  handling  capabili¬ 
ties  of  MBKs  in  terms  of  the  available  electron  beam  power,  Po-  There  are  four  critical  parame¬ 
ters  that  can  limit  the  beam  power  in  an  MBK:  practical  limits  on  the  total  beam  perveance, 
(juP)n  ;  practical  limits  on  the  individual  cathode  emitter  current  density,  jc ;  the  maximum  allow¬ 
able  electric  field  strength  in  the  region  between  the  cathode  and  the  grid,  Ecg  ;  and  the  maximum 
allowable  electric  field  strength  in  the  region  between  the  grid  and  the  anode,  Ega.  The  depend¬ 
ence  of  the  beam  power  on  these  quantities  has  been  developed  in  [30]: 


P0  =  (JUP)X'2 

(42) 

Po  =  JcScNVn 

(43) 

P0=FAV2NviEcgE^2VN 

(44) 

where  Vn  is  the  MBK  cathode  voltage;  Sc  is  the  area  of  an  individual  cathode  emitter;  A  is  the 
operating  wavelength  in  free  space;  and  the  coefficient,  F,  depends  on  the  geometry  of  the  elec¬ 
tron  gun  and  on  the  ratio  of  the  cathode  voltage  to  the  cutoff  voltage. 

Neglecting  fringing,  we  can  write  the  electric  field  strengths  in 
anode  regions  as. 

the  cathode-grid  and  grid- 

V 

F  —  co 
cg  d  ’ 

Cg 

(45) 

and 

II 

(46) 

where  Vco  is  the  current-cutoff  grid  voltage;  and  dcg  and  dga  are  the  cathode-grid  and  grid-anode 
spacings,  respectively. 

The  coefficient,  F,  in  (44)  can  be  expressed  as  [30], 

0.556  Kln  K\ /4 

-^su^vjv.r  ’ 

(47) 

where  8  is  the  thickness  of  the  focus  electrode  (see  Fig.  3). 

Using  (43),  (45),  (46),  and  (47),  we  can  rewrite  (44)  as. 

^0  ~  ic  Ki  K2 {n / 4) (Fj  /l)2  VN  , 

(48) 

where  Kj  =  Sc/  SCh  is  the  ratio  of  the  individual  cathode  emitter  area,  Sc,  to  the  cross-sectional 
area  of  a  single  drift  channel,  Sch  ;  K2  =  N  Sch/Sci  is  the  ratio  of  the  total  area  of  the  drift  chan¬ 
nels,  N  SCh,  to  the  area  of  the  post,  Sci  (alternatively  called  the  “capacity  lug”,  see  Fig.  3);  and  K3 
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=  Dci /A  is  the  ratio  of  the  diameter  of  this  post  (capacity  lug)  to  the  wavelength.  In  Fig.  3,  these 
dimensional  quantities  are  clearly  marked  for  clarity. 


Figure  3:  Schematic  of  a  MBK  gun  and  fundamental  mode  cavity  [34]. 


MBKs  with  instantaneous  bandwidths  in  the  range  of  2%  to  10%  have  demonstrated  elec¬ 
tronic  efficiencies  on  the  order  of  35%  to  45%  in  L-,  S-  and  C-bands,  and  25%  to  35%  in  X-  and 
ATu-bands.  Using  these  efficiencies  and  (48),  one  can  convert  beam  power  into  an  estimate  of  ra¬ 
diated  output  power.  Note  that,  for  low-convergence  guns  (beam-area  compression  <  2,  see  Sec¬ 
tion  5.1)  typical  of  multiple-beam  devices,  K\  ~  1,  and,  for  high-power  MBKs,  K2  ~  K3  ~  0.5. 

Figures  4  and  5  plot  some  of  the  results  of  an  analysis  of  the  dependencies  of  (42)-(48)  given 
in  [30].  In  Fig.  4,  the  beam  power,  Po  ,  cathode  current  density,  jc  ,  and  total  beam  microp- 
erveance  are  plotted,  using  (48),  as  functions  of  wavelength  for  a  28-beam  MBK  operating  at  34 
kV  with  K\  =  1  and  K2  =  K^=  0.5.  The  maximum  emitter  current  density  is  assumed  to  be  15 
A/cm2.  At  long  wavelengths  ( /<  4  GHz  )  the  beam  power  and  total  microperveance  are  inde¬ 
pendent  of  A  ( Po=  2.1  MW  and  (/4P)n=  10),  while  at  shorter  wavelengths  (/>  4  GHz ),  the  beam 
power  and  total  microperveance  decrease  with  decreasing  wavelength.  Below  5  GHz,  the  cath¬ 
ode  current  density  decreases  with  increasing  wavelength.  Above  5  GHz,  the  cathode  operates  at 
the  maximum  current  density. 
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As  a  specific  example,  let  us  assume  that  our  operating  wavelength  is  10  cm.  Then,  from  Fig. 
4,  the  total  beam  microperveance  is  about  10  with  a  corresponding  total  beam  current  of  about 
62.7  A.  We  have  already  assumed  N  =  28  beams,  so  each  emitter  produces  ~2.2  A.  If  we  further 
assume  that  the  emitter  area  is  Sc  =  0.35  cm2,  then  the  single  emitter  current  density  is  jc  ~  6.3 
A/cm2. 
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Figure  4:  Power,  current  density,  and  microperveance  as  functions  of  wavelength  [30]. 
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Figure  5:  Maximum  power  versus  wavelength  for  different  values  of  the  electric  field 
between  the  cathode  and  the  focus  electrode  [30]. 
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Similar  dependencies  of  the  maximum  supplied  power  on  the  wavelength  are  shown  in  Fig.  5 
for  several  values  of  the  electric  field  strength  (Ecg=Ega=E)  and  for  two  different  operating  volt¬ 
ages  (24  kV  and  34  kV).  As  seen  in  Fig.  5,  at  higher  voltages  the  limitations  on  the  power  start  at 
longer  wavelengths.  The  practical  limits  for  the  electric  field  strengths,  Ecg  and  Ega ,  which  signal 
the  onset  of  breakdown  in  the  gun  region  are  in  the  range  of  50-90  kV/cm  [30].  Moreover,  it  is 
believed,  based  on  current  practices,  the  maximum  value  of  the  average  output  power  of  the 
MBKs  using  toroidal  cavities  operating  in  the  fundamental  mode  is  about  20  kW  at  X  ~7-15  cm 
and  about  5  kW  at  X  ~3-4  cm  [30]. 


5  MBK  DEVELOPMENT  ISSUES 

The  SBK  and  the  MBK  are  based  on  the  same  physical  principles.  Of  the  two  devices,  how¬ 
ever,  the  development  of  an  MBK  is  more  challenging  as  practically  every  major  component  is 
subject  to  more  stringent  requirements  compared  to  the  SBK:  the  cathode  loading  is  higher;  the 
magnetic  and  microwave  circuits  must  be  more  highly  optimized  to  achieve  a  desired  level  of 
performance;  and  manufacturing  tolerances  are  more  stringent.  For  example,  in  order  to  achieve 
98%  to  99%  beam  transmission  in  an  MBK,  the  mutual  alignments  of  the  drift  channels  must  be 
on  the  order  of  0.02  to  0.1  mm  and  their  overall  alignment  with  the  multiple-beam  gun  must  be 
on  the  order  of  0.4  mm  to  a  few  millimeters  [14].  Beam  transport  requirements  also  place  strin¬ 
gent  demands  on  the  uniformity  of  the  magnetic  field  across  the  beamlets.  All  these  issues  not¬ 
withstanding,  many  types  of  MBKs  have  been  successfully  developed  in  Russia,  France,  and  the 
PRC. 

5.1  Cathode  Loading,  Electron  Optics,  and  Collectors 

Significant  research  and  development  effort  has  been  focused  on  developing  electron  gun  de¬ 
signs  capable  of  producing  N  beamlets  with  near-laminar  flow  [4].  Since  MBK  beamlets  must  be 
closely  packed  to  maximize  gap  filling,  it  is  difficult  to  achieve  high  beam-area  compression  in 
the  region  between  the  cathode  and  the  interaction  space.  Typically,  in  MBKs,  the  beam-area 
compression  factor  (the  ratio  of  the  cross-sectional  area  of  the  beam  at  the  cathode  to  the  cross- 
sectional  area  of  the  beam  in  the  interaction  region)  is  less  than  or  equal  to  2.  This  low  compres¬ 
sion  ratio  leads  to  high  cathode  loading  requirements.  (Historical  note:  multiple-beam  guns  with 
higher  compression  factors  were  demonstrated  in  the  FSU  in  the  1980s,  but  were  not  used  in 
production  because  of  higher  cost;  eventually,  advances  in  long-life,  high  current  density  cath¬ 
odes  made  them  unnecessary  [18]).  Recently,  efforts  have  been  undertaken  in  the  U.S.  to  de¬ 
velop  electron  guns  with  multiple  convergent  beams  [35];  this  work  is  currently  in  progress. 

Cathode  technology  is  one  of  the  most  challenging  sub-components  of  MBKs,  particularly  for 
those  devices  that  operate  in  the  fundamental  mode.  The  critical  issues  for  multiple-beam  guns 
are  similar  to  single-beam  guns:  alignment  precision,  emission  uniformity,  and  lifetime  versus 
current  density.  Obviously,  it  is  more  difficult  to  achieve  precise  alignment  at  high  temperatures 
when  you  have  multiple  emitters,  especially  if  shadow  and  control  grids  are  used.  The  same  is 
true  for  the  case  of  uniform  emission.  But  over  the  years,  these  problems  have  been  successfully 
overcome. 
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At  present,  the  main  challenge  for  MBK  cathode  technology  is  the  development  of  high  cur¬ 
rent  density  emitters  with  long  operational  lifetimes.  The  current  density  requirements  for  a  sin¬ 
gle  beamlet  emitter  range  from  about  10  A/cm2  to  as  much  as  40  A/cm2,  depending  on  the  device 
power  and  frequency.  For  example,  [18]  states  that  in  the  short-wavelength  part  of  the  centime¬ 
ter-wave  band,  the  cathode  loading  requirement  reaches  >  30  A/cm2,  while  for  high  power  MBKs 
with  an  average  power  of  ~  10  kW,  practical  limits  on  the  cathode  loading  are  ~  15  A/cm2. 

Reference  [22]  reports  significant  progress  in  the  development  of  metal-porous  cathodes 
(MPCs)  capable  of  operating  at  current  densities  in  excess  of  30  A/cm2  for  over  104  hours.  The 
basic  emission  body  is  described  as  a  “tungsten  sponge”  impregnated  with  barium  calcium  alu- 
minate.  Figures  6  and  7  plot  the  current  density  versus  lifetime  and  the  lifetime  versus  operating 
temperature,  respectively,  for  a  variety  of  MPCs  with  different  coatings  and  impregnants. 
Thermo-electron  emission  is  enhanced  by  the  deposition  of  an  ~  0.5  pm  thick  film  of  osmium  on 
the  surface  of  the  cathode  [labeled  as  “MPC-Os  ( l )”  in  Figs.  6  and  7]  and  by  scandium  oxide  or 
metallic  scandium  either  impregnated  into  the  tungsten  or  deposited  on  the  surface  of  a  metallic 
film  deposited  on  the  surface  of  the  cathode  [“MPC-Sc”].  Lifetime  can  be  increased  by  impreg¬ 
nating  40%  to  70%  osmium  deep  inside  the  tungsten  sponge  [“MPC-Os  (v)”]  or  by  using  films 
made  of  osmium  and  a  3%  hafnium  alloy  [“MPC-Os+Hf  ( / )”].  The  most  substantial  increase  in 
lifetime  and  current  density  occurs  when  the  emitter  body  is  created  from  a  “laminated  sponge” 
in  which  deeper  layers  are  enriched  with  an  active  substance  [“MPC-str”].  From  Figs.  6  and  7, 
we  see  that  it  is  possible  to  obtain  ~  30  A/cm2  from  a  porous  metal  cathode  [“MPC-Os+Hf  ( l )”] 
while  maintaining  cathode  lifetimes  ~  104  hours  or  ~10  A/cm2  with  a  lifetime  in  excess  of  105 
hours. 

Three  different  multiple-beam  cathode  structures  are  described  in  [22]  and  are  shown  sche¬ 
matically  in  Fig.  8.  In  Fig.  8(a),  the  separate  cathodes  and  the  cathode  mask  are  kept  at  the  same 
temperature.  The  edges  of  cathodes  and  the  front  face  of  the  mask  are  located  in  the  same  plane; 
to  suppress  emission,  the  mask  is  covered  with  an  anti-emission  material.  If  there  are  high  elec¬ 
tric  fields  in  the  gun  region,  an  arc  breakdown  could  develop  between  the  mask  and  either  the 
control  electrode  or  anode.  One  solution  to  this  problem  is  to  move  the  mask  away  from  the 
electrodes,  as  shown  in  Fig.  8(b).  To  confine  emission  to  the  cathode  faces,  the  non-emitting 
sides  of  the  cathode  columns  are  covered  in  anti-emission  material  (in  addition  to  the  surface  of 
the  mask).  Finally,  thermo-electron  emission  from  the  mask  can  be  reduced  by  reducing  the 
temperature  of  the  mask  and  decreasing  the  amount  of  thermal  contact  between  the  mask  and  the 
cathodes,  as  shown  in  Fig.  8(c). 

Ion  back-bombardment  is  another  important  factor  that  affects  the  lifetime  of  multiple-beam 
cathodes.  It  is  critical  to  prevent  electrons  from  impinging  on  metallic  surfaces  such  as  collector 
surfaces  or  resonator  drift  tubes  with  sufficient  current  density  so  as  to  produce  thermally- 
generated  ions  that  could  make  their  way  back  to  the  cathode  emitters;  the  beam  guiding  system 
should  ensure  that  the  spent  beamlets  are  homogeneously  distributed  over  the  collector  surface. 

There  has  been  a  substantial  effort  to  develop  depressed  collectors  for  MBKs  to  enhance  the 
overall  efficiency.  Depressed  collector  design  is  particularly  challenging  for  the  MBK  because 
the  high  total  beam  current  can  cause  the  appearance  of  reflected  electrons  due  to  voltage  depres¬ 
sion.  These  reflected  electrons  cause  parasitic  excitation  in  MBKs  and  degrade  the  spectrum  of 
radiation.  Several  techniques  have  been  suggested  to  solve  this  problem  [14],  which  include:  op- 
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timizing  the  shape  of  the  collector,  providing  individual  collectors  for  each  beamlet,  and  the  ad¬ 
dition  of  a  special  electrode  to  extract  the  reflected  electrons. 


Figure  6:  Cathode  current  density  versus  lifetime  for  a  variety  of  metal-porous  cathodes  [22]. 


Figure  7:  Cathode  lifetime  versus  temperature  for  a  variety  of  metal-porous  cathodes  [22]. 
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Figure  8:  Examples  of  multiple-beam  cathode  structures  [22], 


5.2  Magnets 

The  presence  of  radial  magnetic  fields,  which  cause  azimuthal  rotation  of  the  beamlets  [36], 
is  another  important  issue.  This  helical  motion  must  be  suppressed  in  order  to  provide  for  good 
beam  transport  [34]  [37]  [3  8].  As  discussed  in  [4],  the  ratio  of  radial  to  axial  magnetic  field  com¬ 
ponents,  Br  fBz,  must  be  less  than  or  equal  to  2%  to  ensure  99%  beam  transmission  without  rf 
fields  present  and  up  to  96%  with  rf  fields  present.  Other  researchers  suggest  even  more  stringent 
requirements:  for  example,  [20]  recommends  a  more  conservative  value  of  Br/Bz  =  0.2%. 

In  some  cases,  magnetic  field  uniformity  is  achieved  by  adding  rings  of  different  magnetic 
material  around  the  individual  beamlet  drift  tubes.  These  materials  have  the  effect  of  locally 
“straightening  out”  the  magnetic  field  produced  by  the  global  guiding  magnet  system  [14]. 

Magnetic  fields  for  MBKs  have  been  produced  with  both  solenoid  electromagnets  and  by 
permanent  magnets.  Solenoids  can  provide  a  highly  uniform  longitudinal  magnetic  field,  which 
is  important  for  focusing  beams  with  large  longitudinal  extents.  According  to  [15],  the  power 
requirement  for  a  solenoid  magnet  system  is  relatively  low,  typically  <  5%  of  the  beam  average 
power.  High-power  MBKs  usually  use  solenoid  magnet  systems.  For  fixed  installations,  such  as 
shipboard  radar  and  many  industrial  applications,  the  solenoid  system  has  the  advantage  that  it 
can  be  semi-permanently  installed  independent  of  the  MBK  tube  -  an  arrangement  that  is  con¬ 
venient  and  cost-effective  as  the  tube  can  then  be  removed  for  repair  or  replacement  as  needed, 
without  replacing  the  solenoid  (which  can  account  for  as  much  as  half  of  the  total  MBK  device 
cost).  For  medium-  and  low-power  MBKs  used  in  mobile  and/or  volume-/weight-constrained 
platforms,  permanent  magnet  focusing  is  used  to  guide  the  beamlets. 
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5.3  Microwave  circuits 

A  variety  of  resonator  types  can  be  used  in  MBKs.  These  include  ring  and  toroidal  single-gap 
resonators  operating  in  the  fundamental  mode,  and  resonators  operating  in  higher-order  modes. 
To  further  increase  the  device  bandwidth,  multi-gap  resonators  (>  2  gaps)  and  coupled-cavity 
resonators  have  been  also  utilized. 

The  most  widely-used  type  of  resonator  is  the  fundamental  mode  resonator,  shown  in  Fig.  9. 
Devices  using  this  resonator  type  tend  to  have  lower  magnet  weights  and  relatively  large  band- 
widths. 

MBKs  designed  to  operate  at  higher-order  modes  have  the  potential  to  further  increase  the 
output  power  while  maintaining  low  operating  voltages.  Such  devices  were  first  studied  in  [6], 
In  the  higher-order  mode  MBKs,  each  beamlet  is  placed  at  a  peak  in  the  rf  field.  It  is  important  to 
remember  that  higher-order  modes  do  not  provide  as  much  bandwidth  as  would  be  attained  if  all 
the  current  passed  through  the  field  maximum  of  a  fundamental  mode.  If  higher-order  mode  cir¬ 
cuits  are  used,  the  bandwidth  will  be  lower,  approaching  the  bandwidth  of  a  single-beam  klystron 
driven  with  a  single  MBK  beamlet.  In  other  words,  the  MBK  will  act  like  a  collection  of  low- 
power  klystrons  operated  in  parallel.  Examples  of  higher-order  mode  resonators  are  shown  in 
Figs.  10  and  11.  One  can  view  such  higher-order  mode  MBKs  as  a  collection  of  many  single¬ 
beam  klystrons  using  a  common  electron  gun,  vacuum  envelope,  magnetic  field,  and  rf  cavities. 
There  are  MBKs  that  consist  solely  of  a  common  vacuum  envelope  and  common  magnetic  field. 
Such  an  MBK  configuration  (in  W-band)  is  currently  under  consideration  at  the  Stanford  Linear 
Accelerator  Center  and  has  been  termed  a  “klystrino”  [39]. 


Figure  9:  Toroidal  and  ring  single-gap  fundamental-mode  resonators  [18]. 
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Figure  11:  Resonator  operating  in  higher-order  modes  [18]. 

To  enhance  both  the  power  and  the  bandwidth,  a  hybrid  approach  has  been  employed  [18]. 
The  hybrid  approach  combines  elements  of  fundamental  mode  and  higher-order  mode  devices. 
As  in  the  higher-order  mode  devices,  the  hybrid  device  uses  multiple  channels  to  place  the  beam 
electrons  at  the  peaks  of  the  higher-order  mode  electric  field.  The  difference  in  the  hybrid  de¬ 
vice,  however,  is  that  instead  of  a  single  beam  in  each  channel,  there  are  multiple,  parallel  beam- 
lets,  as  shown  in  Fig.  12.  In  [18],  this  configuration  is  termed  a  “multiple-stem”-like  klystron 
where  each  individual  stem  acts  like  an  MBK  operating  in  the  fundamental  mode  of  the  resona¬ 
tor.  Referring  to  Fig.  12,  the  tube,  whose  resonator  cross-section  is  shown  on  the  left,  demon¬ 
strated  a  peak  power  of  200  kW  (15  kW  average)  with  a  bandwidth  of  >  2%  in  X-band;  this  par¬ 
ticular  tube  used  a  total  of  54  beamlets. 


24 


Nusinovich,  Levush,  and  Abe 


Figure  12:  Hybrid  MBK  resonator  and  beam  structures  tested  at  “Istok”  [18]. 


Coupled-cavity  and  multi-gap  resonators  used  in  MBKs  are  described  in  [14]  and  [17]. 
These  structures  are  very  similar  to  those  used  in  conventional  SBKs  except  that  in  the  case  of 
MBKs,  the  resonators  have  N  holes  to  accommodate  the  N  beamlets.  In  the  end,  the  optimum 
choice  of  the  type  of  resonator  depends  on  the  requirements  of  the  particular  application,  e.g., 
wavelength,  bandwidth,  peak  and  average  power,  etc.  There  is  an  interesting  note  in  [4]  stating 
that  an  optimal  spacing  between  gaps  in  multi-gap  resonators  reduces  the  sensitivity  of  operation 
to  voltage  fluctuations.  Finally,  traveling-wave  rf  structures,  such  as  coupled-cavity  TWTs,  have 
been  successfully  used  in  multiple-beam  devices;  Fig.  13  is  an  example  of  such  a  structure.  Sec¬ 
tion  7  describes  multiple-beam  TWTs  in  greater  detail. 


Figure  13:  Example  of  a  coupled-cavity  TWT  structure  for  use  with  multiple  electron  beams. 
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5.4  Fabrication  and  alignment 

The  mechanical  dimensions  of  an  MBK  operating  in  the  fundamental  mode  are  proportional 
to  the  wavelength  of  operation.  At  microwave  frequencies,  the  fabrication  of  MBKs  is  relatively 
easy.  However,  as  the  wavelengths  get  shorter,  the  requirements  for  alignment  precision  and 
manufacturing  tolerances  become  increasingly  stringent;  millimeter-wave  MBKs  represent  a  po¬ 
tentially  significant  manufacturing  challenge.  The  use  of  higher-order  mode  designs  for  millime¬ 
ter-wave  MBKs  could  reduce  some  of  the  fabrication  difficulties. 

Despite  manufacturing  challenges,  however,  MBKs  have  been  successfully  developed  for 
applications  in  L-,  S-,  X-,  and  K„-bands.  The  current  status  of  MBK  development  in  the  Russia 
Federation,  France,  and  the  PRC  is  presented  in  the  following  section.  We  should  also  mention 
the  progress  in  manufacturing  the  elements  of  a  W-band  MBK  (i.e.,  the  “klystrino”)  demonstrated 
at  SLAC  [39]  by  using  a  new  technology  called  LIGA  (the  German  acronym  for  Iithographie- 
Galvanoformung-Abformung,  a  micro-electro-mechanical  manufacturing  technique  that  uses 
synchrotron  x-ray  radiation  to  expose  patterns  in  cast  acrylic  resists).  This  technology  enables 
parts  to  be  fabricated  with  better  than  1  pm  resolution. 


6  STATE-OF-THE-ART 

In  Russia,  three  companies  -  “Istok”,  “Toriy”,  and  “Svetlana”  -  have  been  involved  in  the 
development  of  MBKs  for  several  decades.  These  companies,  according  to  [29],  have  developed 
several  tens  of  types  of  MBKs,  possibly  more.  Information  about  the  MBK  work  at  “Istok”  is 
documented  in  [13]-[19]  and  the  activities  at  “Svetlana”  are  reviewed  in  [4];  there  is  little  avail¬ 
able  information  about  the  MBK  work  at  ‘Toriy”. 

Following  [4] [19],  it  is  convenient  to  divide  MBK  types  into  three  categories:  high-power, 
medium-power,  and  low-power  miniaturized  MBKs. 


6.1  High-power  MBKs 

Table  1  summarizes  the  parameters  of  some  high-power  MBKs  developed  at  “Istok”  for  radar 
applications  [16][17][19].  The  gains  of  all  of  the  tubes  in  Table  1  are  in  the  range  of  40  to  45  dB. 

The  column  for  MBK  model  213-1  in  Table  1  summarizes  the  parameters  in  the  MBK  oper¬ 
ating  in  a  higher-order  mode;  all  other  columns  contain  data  for  devices  operating  in  the  funda¬ 
mental  mode.  Note  that  the  current  density  in  the  higher-order  mode  MBK  is  much  lower  com¬ 
pared  to  the  fundamental-mode  tubes,  and  is  presumably  responsible  for  the  greatly  increased 
lifetime  of  the  device  (on  the  other  hand,  its  bandwidth  is  much  lower).  A  schematic  of  the  cavity 
used  in  this  tube  is  shown  on  the  left  in  Fig.  9.  Photographs  of  two  high-power  MBKs  are  shown 
in  Fig.  14.  The  left-hand  photograph  is  of  MBK  model  214-1  and  the  right-hand  photograph  is 
of  MBK  model  213-1  (see  Table  1  for  specifications). 
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Table  1:  High-power  MBKs  for  radar  [4][19]. 

Parameter 

Model 

213-1++ 

Model 

214-10 

Model 

214-4 

Model 

214-3 

Model 

214-2 

Model 

214-1 

Wavelength  (cm) 

3 

3 

5.5 

7 

10 

15 

Peak  supplied  power  (kW) 

570 

400 

700 

1100 

1650 

2010 

Cathode  voltage  (kV) 

26 

24 

24 

29 

31 

32 

Control  voltage  (kV) 

5.5 

5 

4.5 

6 

6 

5.7 

P out ;  peak  (k W) 

200 

120 

220 

500 

600 

800 

P out,  average  (kW) 

17 

3 

11 

17 

12 

14 

A  ///(%) 

0.7 

2 

3.5 

4.5 

6.5 

10 

Number  of  beams 

6 

15 

24 

24 

36 

36 

Weight*  (kg) 

12 

10 

20 

20 

25 

32 

Emitter  loading  (A/cm2) 

2.5 

21 

13 

16 

11.6 

11 

Perveance  per  beam 
(microperv) 

0.87 

0.3 

0.33 

0.32 

0.27 

0.3 

Total  perveance 
(microperv) 

5.2 

4.5 

8 

7.7 

9.8 

11 

♦without  magnet. 


"^higher-order-mode  resonators. 
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Fundamental  mode  resonator 
f0I>=2C.Hz,Pav-14kW 
Pj»is=  SOdkW 
Cathode  voltage  32kV 
af=10% 


High  mode  resonator 
f^,-  9GHz,  Pav=  1 7kW 

PpuU=200kW 

Cathode  voltage  26kV 
af=0.7% 


Figure  14:  High-power  MBKs  [17]. 


Reference  [4]  reports  on  the  development  of  a  61-beamlet  MBK,  which  delivers  about  7  kW 
peak  power  with  an  18%-bandwidth  at  wavelength  larger  than  10  cm.  To  date,  this  is  the  maxi¬ 
mum  number  of  beamlets  used  in  MBKs  that  has  been  reported  in  the  open  literature.  The  num¬ 
ber  is  consistent  with  the  estimate  made  in  [6]:  “...  the  best  present  estimate  for  typical  existing 
klystrons  is  that  the  limitation  will  occur  somewhere  between  40  and  100  beams.”  More  typi¬ 
cally,  the  number  of  beamlets  is  equal  to  7, 19  or  37;  the  beamlet  packing  structure  is:  one  beam 
in  the  center,  six  beams  around  it,  twelve  beams  around  the  six,  etc.  In  some  cases  the  center 
beam  is  removed,  as  is  reported  in  [21],  because  it  is  most  strongly  affected  by  voltage  depres¬ 
sion. 


6.2  Medium-power  MBKs 

Medium-power  MBKs  are  typically  designed  to  operate  in  C-  to  K„-bands  (5  to  15  GHz). 
Their  peak  powers  range  from  10  to  70  kW  with  bandwidths  typically  in  the  range  of  2%  to  6%. 
The  main  parameters  of  several  medium-power  wide  bandwidth  MBKs  are  listed  in  Table  2  [19]. 
Typically,  these  tubes  exhibit  a  very  flat  power  versus  frequency  response  within  their  several 
percent  bandwidths. 
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Table  2:  Broadband  medium-power  MBKs  [19]. 

Parameter 

X„-band 

X-band 

X-band 

P out,  peak  (kW) 

>25 

>25 

70 

P out,  average  (kW) 

1.5 

3 

3.5 

1-dB  bandwidth  (%) 

2 

6 

6 

Electronic  efficiency  (%) 

>35 

>35 

~40 

Gain  (dB) 

>40 

>40 

~45 

Cathode  voltage  (kV) 

14 

11 

13 

Control  voltage  (kV) 

3.8 

2.5 

3.5 

Number  of  beams 

15 

24 

24 

Perveance  (microperv) 

total 

3.8 

8.3 

5.6 

per  beam 

0.25 

0.34 

0.23 

Output  circuit 

two-gap 

three-gap 

three-gap 

Power  output  system 

3  coupled-cavity 

3  coupled-cavity 

3  coupled-cavity 

Magnetic  focusing 

permanent  magnet 

permanent  magnet 

permanent  magnet 

Weight  (kg) 
(including  magnet) 

8 

16 

16 
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6.3  Low-power,  miniaturized  MBKs 

Low-power,  miniaturized  MBKs  (MMBKs)  have  been  developed  for  a  variety  of  volume- 
and  weight-constrained  applications.  In  addition  to  meeting  performance  specifications  such  as 
power,  efficiency,  gain  and  bandwidth,  these  tubes  must  also  meet  quite  severe  limitations  on 
weight  and  volume,  cathode  and  control  voltages,  and  cooling.  The  main  parameters  of  some  of 
the  MMBKs  developed  at  “Istok”  are  listed  in  Table  3.  Note  that  all  the  tubes,  whose  parameters 
are  listed  in  this  table,  operate  at  relatively  high  cathode  current  densities  ranging  from  15  to  25 
A/cm2. 


Table  3:  Low-power  miniaturized  MBKs  [19]. 


No. 

fo 

(GHz) 

P out,  pk 

(W) 

A/ 

(MHz) 

Gain 

(dB) 

Duty 

cycle 

Vb 

(kV) 

V control 

(V) 

No.  of 
beams 

n 

(%) 

Wt* 

(kg) 

1 

17 

400 

40 

47 

0.33 

2.5 

500 

18 

30 

1.0 

2 

17 

1000 

100 

40 

0.05 

3.5 

1000 

19 

30 

1.2 

3 

15 

400 

40 

40 

0.33 

2.5 

500 

18 

30 

0.4 

4 

16 

500 

200 

37 

0.04 

3.5 

1000 

19 

25 

1.2 

5 

14 

400 

60 

40 

0.33 

2.5 

500 

18 

30 

1.0 

6 

9.3 

1000 

60 

40 

0.04 

3.5 

anode 

19 

35 

1.5 

7 

9 

50 

180 

37 

0.04 

1.5 

anode 

19 

12 

1.2 

♦Including  the  magnet. 


Photographs  of  two  of  these  tubes  are  shown  in  Fig.  15.  One  of  the  most  remarkable  tubes  is 
the  Tube  #3  in  Table  3.  The  tube  delivers  400  W  peak  power  with  a  >30%  duty-cycle  while 
weighing  only  400  g,  including  the  magnet  (an  impressive  peak-power-to-weight  ratio  of  1 
Watt/g).  One  of  these  tubes  was  used  in  the  Russian  space  station  “Mir”. 
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Figure  15:  Low-power  miniaturized  MBKs  [17]. 


6.4  MBK  development  at  “Svetlana”  [40] 

MBKs  have  been  under  development  at  “Svetlana”  since  1958.  The  company  currently  manu¬ 
factures  more  than  20  types  of  MBKs  and  is  actively  developing  several  types  of  MBKs  for  radar 
and  communications  applications.  The  parameters  for  an  older  model  “Svetlana”  CW  L-/S-band 
SBK  (SBK-66)  and  MBK  (MBK-68)  are  shown  in  Table  4  columns  (the  numbers  66  and  68  ap¬ 
parently  correspond  to  the  year  of  development).  For  comparison  purposes,  the  parameters  of  a 
similar  U.S.-built  SBK  (Litton  L-3910B)  are  also  shown  in  Table  4.  As  can  be  seen  in  the  table, 
the  MBK  has  a  significantly  higher  gain,  larger  bandwidth,  and  lower  operating  voltage  than  ei¬ 
ther  of  the  SBK  tubes. 


Pulsed  X-band  MBKs  followed  the  development  of  the  L-AS-band  MBKs.  The  parameters  of 
two  X-band  tubes,  MBK-88  and  MBK-98,  are  shown  in  Table  5;  as  in  Table  4,  the  parameters  of 
a  similar  U.S.-built  SBK  (CPI  VA-956)  are  included  for  the  purposes  of  comparison.  Again, 
MBKs  demonstrate  much  larger  instantaneous  bandwidth  while  operating  at  much  lower  volt¬ 
ages.  For  “Svetlana”  model  MBK-98,  the  peak-power-to- weight  ratio  is  in  excess  of  4  Watts/g 
(although  it  is  not  clear  whether  the  weight  listed  in  Table  5  includes  the  magnet). 
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Table  4:  Comparison  of  an  LS-band,  CW  MBK  [40] 
developed  by  “Svetlana”  with  a  Litton  SBK  and  a  Russian  SBK. 


Parameters 

L-3910B 

SBK-66 

MBK-68 

Center  frequency  (MHz) 

2287 

2287 

2250 

Output  power  (W  CW) 

20 

20 

30 

Gain  (dB) 

20 

40 

60 

Instantaneous  bandwidth  (MHz) 

4 

10 

60 

Cathode  voltage  (V) 

1600 

1500 

650 

Total  beam  current  (mA) 

50 

50 

180 

Weight  (kg) 

1.18 

1.18 

1.36 

Table  5:  Comparison  of  pulsed,  X-band  MBKs  [40] 
developed  by  “Svetlana”  with  a  Varian  SBK. 


Parameters 

VA-956 

MBK-88 

MBK-98 

Center  frequency  (GHz) 

9.25 

9.25 

9.25 

Output  power  (kW  peak) 

7.5 

6 

50 

Gain  (dB) 

45 

43 

43 

Instantaneous  bandwidth  (MHz) 

45 

500 

500 

Cathode  voltage  (kV) 

13.5 

5 

5 

Total  beam  current  (A) 

1.6 

4 

40 

Weight  (kg) 

22.7 

7.3 

11.3 
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6.5  MBK  Development  in  France 

In  France,  several  high-power,  low-frequency  MBKs  have  been  developed  by  Thales  Electron 
Devices,  primarily  for  accelerator  applications.  Thales  designers  cite  the  relatively  low  voltage 
operation  of  the  MBK  and  its  relatively  high  RJQ  as  the  principle  attractions  of  the  technology 
[20].  Lower  voltage  is  desirable  as,  in  general,  it  leads  more  compact  packaging,  lower  cost,  in¬ 
creased  reliability,  and  reduced  high  voltage  and  x-ray  hazards.  In  addition,  the  probability  of  dc 
breakdown  is  reduced  by  more  than  50%  to  60%  in  an  MBK  compared  to  an  SBK  of  comparable 
power,  opening  up  possibilities  for  longer  pulse  lengths  [20].  The  higher  RJQ s  possible  with 
MBK  circuits  lead  to  higher  instantaneous  bandwidths. 

The  parameters  of  selected  Thales  tubes  are  listed  in  Table  6.  These  data  again  demonstrate 
that  MBKs,  in  comparison  with  SBKs  of  equivalent  output  power,  can  operate  at  much  lower 
voltages  and  have  much  smaller  weights  and  volumes.  In  Table  6,  the  bandwidth  is  not  shown 
since  this  is  not  a  critical  parameter  for  accelerator  applications.  Note  that  the  number  of  beam- 
lets  in  tubes  whose  parameters  are  shown  in  Table  6  is  equal  to  6  or  7.  Also,  in  Table  6,  all  data 
correspond  to  designs  intended  for  CW  operation. 

Parameters  of  existing  tubes  are  given  in  the  first  and  third  columns  of  Table  7,  taken  from 
[36].  Recently,  Thales  Electron  Devices  has  developed  a  7-beam  MBK  producing  10  MW  peak, 
0.4  millisecond  duration  pulses  at  1.3  GHz  for  accelerator  applications  [20].  Also,  Thales  has 
developed  a  1  MW,  4%-bandwidth,  pulsed,  5-band  MBK. 
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Table  6:  High-power  SBK  and  MBKs  (tentative)  developed 
at  Thales  Electron  Devices,  France  . 


Parameters 

Klystron 

MBK 

MBK 

MBK 

MBK 

Center  frequency  (MHz) 

352 

425 

850 

850 

1700 

Output  power  (kW  CW) 

1300 

1000 

500 

1000 

850 

Cathode  voltage  (kV) 

100 

30 

30 

38.5 

40 

Total  beam  current 

20 

7  x  5.7  A 

7x4.17  A 

6  x  6.5  A 

6  x  6.4  A 

Drift  tube  radius  (mm) 

36 

20 

8.8 

10 

6 

Electronic  efficiency  (%) 

65 

65 

58 

58 

56 

Gain  (dB)  /  drive  power  (W) 

42  dB/80  W 

45  dB/30  W 

45  dB/15  W 

45  dB/30  W 

42  dB/50  W 

Emitter  loading  (A/cm2) 

0.6 

1.1 

2.1 

2.6 

4.7 

Body  length  (m) 

2.65 

1.60 

0.85 

0.90 

0.55 

Collector  length  (m) 

1.35 

0.95 

0.75 

0.95 

0.95 

Electron  gun  length  (m) 

0.751 

0.35 

0.25 

0.35 

0.35 

Electron  gun  insulation 

oil 

air 

air 

air 

air 

Overall  length  (m) 

4.75 

2.9 

1.85 

2.20 

1.85 

Overall  diameter  (m) 
(including  magnet) 

0.90 

0.58 

0.36 

0.36 

0.34 

Overall  weight  (kg) 
(including  magnet) 

2150 

650 

460 

580 

450 

Magnetic  induction  (G) 

270 

320 

650 

650 

900 

Output  waveguide 

WR2300 

WR1800 

WR975 

WR975 

WR430 

Output-power-to-mass  ratio 
(W/g) 

0.60 

1.54 

1.08 

1.72 

1.78 
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Table  7:  Example  of  MBKs  developed  at  Thales  Electron  Devices,  France. 


Parameter 

MBK 

MBK 

MBK 

SBK 

Device  status 

(in  operation) 

(design) 

(in  operation) 

TH2105 

Center  frequency  (MHz) 

425 

500 

850 

508 

Output  power  (kW,  CW) 

100 

1000 

500 

1000 

Cathode  voltage  (kV) 

17 

39 

33 

90 

Total  beam  current 

6x1.8  A 

6  x  6.8  A 

6  x  4.8  A 

18.5  A 

Input  power  (W) 

6 

100 

50 

100 

Gain  (dB) 

42 

40 

40 

40 

Electronic  efficiency  (%) 

55 

64 

53 

62 

Number  of  cavities 

4 

5 

4 

5 

Electron  gun  insulation 

air 

air 

air 

oil 

Total  length  (m) 

1.35 

2.50 

1.85 

4.50 

Weight*  (kg) 

400 

800 

600 

1700 

including  focusing  solenoids 
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6.6  MBK  development  in  the  PRC 

To  date,  more  than  20  varieties  of  MBKs  have  been  developed  in  the  PRC  [21]  [23]  [27]  [28]. 
The  performance  specifications  and  test  results  for  some  of  these  tubes  are  tabulated  in  Tables  8a 
and  8b,  respectively.  In  addition  to  the  tubes  listed  in  Table  8,  which  were  developed  for  radar 
and  communication  systems,  a  5  MW,  short-pulse,  S-band  MBK  has  been  developed  for  accel¬ 
erator  applications  [27]. 


Table  8:  Specification  and  test  results  for  MBKs 
developed  at  the  Institute  of  Electronics,  Beijing,  PRC  [27][28]. 

Table  8a:  Performance  specifications  of  selected  MBKs. 


Model 

Band 

Pom, peak  & W) 

A  ///(%) 

KS-57 

S 

200 

8 

KS-60 

S 

200 

7 

KS-72 

S 

180 

8.4 

KC-67 

C 

50 

1.75 

KX-79 

C 

150 

5.2 

KL-81 

L 

180 

11.2 

Table  8b:  Test  results  for  selected  MBKs. 


Model 

V*(kV) 

I total  (A) 

Pom, peak  (kW) 

TJ(%) 

A/  /  /  (%) 

W(kg) 

KS-57 

18.6 

32.4 

263 

43.6 

9.1 

47 

KS-60 

18.8 

22.4 

184 

43.7 

7.6 

43 

KS-72 

17.1 

28.8 

200 

39.2 

8.4 

45 

KC-60 

17.8 

10.0 

72 

40.4 

2.4 

35 

KL-81 

18-19 

- 

140 

- 

10.8 

_ 
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7  MULTIPLE-BEAM  TRAVELING-WAVE  TUBES 

Advances  in  the  development  of  MBKs  have  been  applied  to  the  development  of  low- 
voltage,  multiple-beam  traveling-wave  tubes  (MBTWTs).  In  the  late  1970s,  such  multiple-beam 
coupled-cavity  TWTs  were  developed  at  “Istok”  [14].  Initially,  the  multiple  beam  was  focused 
by  a  built-in  solenoid,  making  the  system  (tube  plus  solenoid  and  solenoid  power  supply)  heavy. 
Later,  this  single-tube  system  was  replaced  by  a  chain  of  tubes  consisting  of  a  pre-amplifying, 
single-beam,  multi-stage,  high-gain,  helix  TWT  followed  by  a  multiple-beam,  single-stage,  low- 
gain  (13  dB),  high-efficiency  (30-35%),  coupled-cavity  TWT  [14][41].  The  short  length  of  this 
MBTWT  allowed  developers  to  use  permanent  magnets  for  beam  focusing,  drastically  reducing 
system  weight  and  volume.  Since  multiple-beam  devices  can  operate  at  low  voltage,  the  operat¬ 
ing  voltage  of  this  MBTWT  was  chosen  to  be  equal  to  the  operating  voltage  of  the  single-beam 
TWT  pre-amplifier,  with  the  advantage  that  the  same  high-voltage  supply  could  be  used  for  both 
tubes.  The  performance  and  operating  parameters  of  the  X-band  helix  TWT  pre-amplifier  plus 
36-beam  MBTWT  output  amplifier  chain  are  given  in  Table  9. 


Table  9:  Parameters  of  the  helix  TWT  pre-amplifier,  MBTWT  output  stage, 
and  the  overall  system  (helix  TWT  +  MBTWT)  [14][41]. 


Parameters 

Helix  TWT 
pre-amplifier 

36-beam 

MBTWT 

Bandwidth  (GHz) 

0.6 

0.6 

Cathode  voltage  (kV) 

8.4 

8.4 

Max.  Pout ,  peak  (kW) 

0.4 

5 

Range  of  realizable  output 

powers  thru  variation  of  the 

— 

0.4-5 

MBTWT  beam  current  (kW) 

Gain  (dB) 

47 

13 

Electronic  efficiency  (%) 

— 

30-35 

Magnet  system  type 

PPM 

permanent  magnet 

Weight*  (kg) 

1.5 

6 

♦Including  the  magnet. 


As  can  be  seen  in  Table  9,  the  amplifier  chain  has  an  overall  gain  of  60  dB.  Note  that,  similar 
to  a  crossed-field  amplifier  (CFA),  the  MBTWT  is  a  “pass-through”  device  since  there  is  no  at¬ 
tenuation  in  the  microwave  circuit.  In  other  words,  the  amplifier  chain  will  operate  even  with  the 
MBTWT  turned-off.  In  this  mode,  the  MBTWT  output  stage  of  the  chain  operates  as  a 
waveguide  with  a  relatively  small  (0.5  dB)  insertion  loss  and  the  system  amplifying  characteris¬ 
tics  are  determined  solely  by  the  TWT  pre-amplifier.  Such  a  wide  range  of  power  levels  allows 
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one  to  use  these  tubes  in  satellite  communication  systems  where  the  power  level  should  corre¬ 
spond  to  a  variable  number  of  users  or  where  the  variable  power  could  be  used  to  compensate  for 
weather/atmospheric  effects.  Another  important  feature  of  the  MBTWT  is  the  almost  linear  de¬ 
pendence  of  its  output  power  on  the  beam  current,  which  allows  one  to  vary  the  power  by  as 
much  as  5  dB  while  maintaining  an  electronic  efficiency  of  about  35%.  All  these  features  provide 
a  wide  dynamic  range  of  output  power  without  the  need  for  specialized  tuning  of  the  operating 
voltage  and/or  input  power. 

Before  closing  this  section,  we  will  also  note  that  in  [17],  the  development  of  electrostati¬ 
cally-focused  multi-beam  backward-wave  oscillators  operating  at  frequencies  up  to  40  GHz  was 
briefly  mentioned. 
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8  CONCLUSIONS 

The  current  state-of-the-art  in  multiple-beam  device  design  and  manufacturing  has  a  demon¬ 
strated  high  level  of  sophistication  and  precision,  successfully  overcoming  issues  of  increased 
device  complexity.  At  present,  various  types  of  multiple-beam  klystrons  have  been  developed 
for  radar,  telecommunications,  and  high-energy  particle  accelerator  applications;  many  of  these 
tubes  are  in  every-day  use.  These  applications  have  clearly  demonstrated  the  technology’s  advan¬ 
tages  which  include  low-voltage  operation  (two  to  three  times  lower  than  that  required  for  SBKs 
operating  at  the  same  output  power  level);  high  electronic  efficiency  (up  to  65%)  due  to  the 
mitigation  of  space  charge  effects;  low  magnet  system  weight  (up  to  ten  times  lower  than  in  an 
equivalent  SBK);  reduced  overall  system  weight  and  volume;  large  bandwidth;  low  phase  sensi¬ 
tivity  to  voltage  deviations;  and  reduced  x-ray  generation.  The  availability  of  advanced,  physics- 
based  computational  tools  for  3D  electron  gun  and  collector  design,  coupled  with  advances  in 
manufacturing  technology  and  high  current  density  cathodes  are  critical  enabling  technologies 
that  are  providing  a  new  impetus  for  MBK  development  in  the  U.S. 

In  conclusion,  it  is  worth  highlighting  some  operational  advantages  of  using  MBK  technol¬ 
ogy,  for  example,  (1)  MBKs,  like  other  linear-beam  devices  (e.g.,  SBKs  and  TWTs),  have  a 
much  larger  dynamic  range  than  CFAs,  making  them  attractive  for  use  in  radar  and  communica¬ 
tion  systems  that  require  complex  waveforms;  (2)  since  MBKs  have  lower  operating  voltages  and 
shorter  circuit  lengths  than  SBKs  of  comparable  power,  the  close-to-carrier  noise  is  reduced  in 
the  MBK,  making  them  preferable  for  noise-sensitive  applications;  (3)  MBKs  have  a  high  out- 
put-power-to-weight  ratio  (two  to  three  times  higher  than  that  of  an  equivalent  SBK),  an  impor¬ 
tant  feature  for  weight-  and  volume-constrained  platforms;  (4)  MBKs  are  capable  of  higher  peak 
and  average  power  levels  in  comparison  with  TWTs;  and  (5)  MBKs  are  less  sensitive  to  vibra¬ 
tions  in  comparison  with  TWTs. 

This  memo  is  motivated  by  our  wish  to  understand  the  current  state-of-the-art  in  multiple- 
beam  technology.  It  is  based  on  open-literature  materials  that  have  been  collected  and  analyzed 
over  a  two-year  time  period  (2000-2002),  drawing  primarily  on  publications  and  presentations 
from  researchers  in  the  Russian  Federation,  France,  and  the  People’s  Republic  of  China.  We  ac¬ 
knowledge  that  the  memo  does  not  refer  to  all  available  material,  but  nevertheless,  we  hope  that 
it  accurately  presents  the  present  status  of  the  development  of  multiple-beam  amplifiers. 
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